Abstract This work describes the synthesis, characterization, and application of an active heterogeneous photo-Fenton system obtained from two different wastes, i.e., laterite (an iron mining waste) and the acid aqueous fraction (AAF) from biooil production. AAF with high acidity (ca. 3 mol H+ L −1
Introduction
Laterite is formed by hydrated iron oxide, generally associated to alumina and silica, derived from the weathering of rocks and surface materials (Davy and Elansary 1986; Narayanaswamy and Ghosh 1987; Schellmann 1994) . Laterite is also produced as a mining waste containing high concentration of iron oxide, e.g., 40 %, mainly in the form of the oxide Fe 2 O 3 . The high Fe concentration has motivated the few attempts of application of laterite as adsorbent of different contaminants, such as fluoride, arsenic (Aredes et al. 2012; Osei et al. 2015; Thanh et al. 2012; Vithanage et al. 2012) , and also herbicide (Ghosh and Singh 2013) . As the iron oxide present in laterite is strongly attached to the silica and alumina particles, the efficient mechanical/physical separation of iron is not possible. Our group has been developing extraction processes using acidic wastes in order to recover the iron present in different wastes. One of these acidic wastes is the acid aqueous fraction (AAF) produced during bio-oil formation by the flash pyrolysis of residual biomass. The AAF is a complex mixture containing 15-20 wt.% of organic matter highly acidic (ca. 2-3 mol L −1 ) (Kanaujia et al. 2014) . Advanced oxidative processes (AOPs), as Fenton-like reactions, have been intensively investigated in the last years (Jack et al. 2015; Nidheesh et al. 2013; Teixeira et al. 2012 (Costa et al. 2006 (Costa et al. , 2008 He et al. 2015; Magalhaes et al. 2007;  Responsible editor: Bingcai Pan Electronic supplementary material The online version of this article (doi:10.1007/s11356-016-6480-0) contains supplementary material, which is available to authorized users. Moura et al. 2005) . The use of iron-rich wastes in Fenton-like reactions has also been described, for example, red mud (Costa et al. 2010) , waste of foundry sand (Oliveira et al. 2011) , vermiculite (Purceno et al. 2012) , real pipe deposits , blast furnace dust (Amorim et al. 2014) , and acid mine drainage sludge (Alfaya et al. 2015) .
In this work, the aqueous acid waste fraction (AAF) was used to extract iron from laterite, a mining waste, to produce Fe/C composites. These composites were produced by the thermal decomposition of the Fe 3+ /AAF resulting in iron nanoparticles highly dispersed on the surface of a carbon support (Fig. 1) . This Fe/C composite showed high activity for the photo-Fenton oxidation of the model dye contaminant methylene blue near neutral pH.
Materials and methods

Synthesis and characterization of the composites
The composites were obtained through a thermal treatment of a mixture of acid aqueous fraction from bio-oil (produced in a pilot plant located in Ituiutaba, MG, Brazil, using sugarcane bagasse as biomass) and iron extracted from laterite. For the extraction of iron from laterite, 50 mg of laterite was added to 20 mL of AAF and heated at ca. 90°C under stirring for 48 h in a closed flask, to avoid losses by volatilization.
The obtained mixture after extraction was heated once again at 100°C under stirring to completely evaporate water for the formation of a black solid. In this step, the evaporation of some more volatile organic compounds, especially small molecular weight acids, e.g., C 1 -C 3 , likely takes place. This black solid was thermally treated in three different temperatures, ca. 500, 650, and 800°C, using 500 mg of material, under N 2 atmosphere (50 mL min , keeping the final temperature for an hour. Three composites were obtained, named Fe/C 500 , Fe/C 650 , and Fe/C 800 .
Transmission Mössbauer spectroscopic experiments were carried out in a CMTE spectrometer model MA250 with a 57 Co/Rh source at room temperature and at 80 K, using α-Fe as a reference. Powder X-ray diffraction (XRD) data were obtained in a Shimadzu XRD-7000 equipment using Cu Kα radiation, scanning from 10 to 80°(2θ) at a scan rate of 4°min −1
. Thermogravimetric analyses (TG-DTA) were carried out in a Shimadzu TGA-60, with a constant heating rate of 10°C min −1 under a dynamic air flow (50 mL min
). Elemental analyses were done in a CHN Perkin Elmer analyzer. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analysis were done in a Quanta 200 FEG equipment. Raman spectra were obtained in a Senterra Bruker equipment, with an excitation wavelength of 532 nm, a laser spot size of 20 μm, and power of 5 mW with confocal imaging microscope. Infrared spectra were recorded in an equipment Bruker ALPHA, in the region between 4000-400 cm
, with 64 scans per sample. Zeta potential was performed in a Zetasizer Nano ZS, Malvern Instruments, at 25°C and pH 6. Atomic absorption spectrometry analyses were performed in a Hitachi-Z8200 spectrometer coupled to a Hitachi graphite furnace.
Photo-Fenton reactions
Photo-Fenton reactions were performed with 20 mL of a 50 ppm solution of methylene blue (MB) dye and 10 mg of each material. The materials were kept in contact for 24 h to observe any adsorption effect. After this period, hydrogen peroxide (Anidrol, 35 % v/v) was added to the medium and the solutions were placed in a UV reactor, with an Hg vapor lamp of 15 W (160 μW cm −2 ) as radiation source. The reactions were performed under magnetic stirring at room temperature. The pH of the reactions varied between 2 and 6, and the . The absorbance of the solutions was monitored during 8 h of reaction using a Shimadzu UV-vis spectrometer model UV-2550, in the wavelength of 610 nm. Control experiments were done without H 2 O 2 (photolysis) and without UV radiation (Fenton) for the composite Fe/C 650 .
Results and discussion
The laterite used in this work showed iron content of 42 % (AA analysis) identified as Fe 2 O 3 (hematite) by Mössbauer and XRD (Fig. S1 ). These results combined with SEM/EDS suggest that the iron oxide is highly dispersed on the surface of silica and alumina particles and it cannot be separated by simple mechanical/physical processes (Fig. S2) .
The extraction of Fe 3+ from laterite was investigated using the AAF of bio-oil production, mainly composed of oxygenated substances, such as phenols and carboxylic acids. TOC and TG analyses of the AAF suggested the presence of 25 wt.% organic content with acid concentration of ca. /AAF was then dried to obtain a black powder which was analyzed by TG, showing a weight loss up to 400°C, related to the decomposition of the organic fraction and a weight loss at higher temperatures related to the oxidation of carbon (Fig. S3) .
Based on these results, the Fe/C composites were obtained in an oven by thermal treatment under N 2 at 500, 650, and 800°C. Mössbauer spectra showed that the composites Fe/ C 500 and Fe/C 650 presented mainly highly dispersed superparamagnetic Fe 3+ iron oxide phase. On the other hand, the material obtained at 800°C, Fe/C 800 , showed besides the Fe 3+ phase (with 61 % of relative area), Fe 0 and γ-Fe(C) phases. XRD patterns (Fig. S4) confirmed the presence of a low crystalline Fe 3+ phase (Fe 2 O 3 , PDF 1-1053) in the materials Fe/C 500 and Fe/C 650 . For Fe/C 800 , the phases of Fe 0 (PDF 3-1050) and γ-Fe(C) (PDF 31-619) were also identified. Crystallite average sizes estimated by the Scherrer equation showed values of 10 nm for Fe 2 O 3 in Fe/C 500 and Fe/C 650 , 11 nm for Fe 0 , and 14 nm for γ-Fe(C) in Fe/C 800 , suggesting that iron phases are highly disperse in the matrix.
A broad peak centered at ca. 26°suggests the presence of a less organized graphitic phase (PDF 26-1077). In fact, Raman spectra obtained for the composites (Fig. 2) showed two main bands indicating the presence of carbon, i.e., G (ca. 1600 cm ). D band is related to less organized/defective carbon structures whereas G band is associated with more organized graphitic-like carbon (Keown et al. 2007; Li et al. 2006) . It is interesting to observe a gradual decrease in the I G /I D values. This result is related to the decomposition of organic compounds present in the AAF to form defective polyaromatic structures which were responsible for the increase in the relative intensity of the D band.
The TG/DTA curves (in air) for the composites (Fig. 3 ) showed large weight losses in the range 300-600°C related to the oxidation of carbon. It can be observed that the carbon oxidation temperature increased from 400 to 450 and 550°C for the composites Fe/C 500 , Fe/C 650 , and Fe/C 800 , respectively. These results suggest that the carbon produced in the composites became more stable and organized as the treatment temperature increased.
These weight losses indicate carbon contents near 80-90 % whereas elemental analyses showed slightly lower values of ca. 74, 78, and 80 % for Fe/C 500 , Fe/C 650 , and Fe/C 800 , respectively. These high carbon contents were produced by using an initial high AAF/laterite weight ratio, which is important to obtain Fe highly dispersed in the composites. Fig. 2 Raman spectra obtained for the composites Fe/C 500 , Fe/C 650 , and Fe/C 800 using a 532-nm laser Zeta potentials obtained for each composite at pH 6 showed values between −24 and −31 mV typically observed for carbon materials (Dai 1994) . These results suggest a negatively charged surface likely due to the carbon-oxygencontaining groups since hematite particles exposed on the carbon surface with typical PZC 8.4-8.5 tend to develop positive charges at pH 6.
The composites Fe/C 500 , Fe/C 650 , and Fe/C 800 were tested in the photo-Fenton reactions using the model dye contaminant MB. Figure 4 shows the results of the discoloration kinetics for the three composites. These reactions were performed in pH 6 and [H 2 O 2 ] = 0.23 mol L −1
. The composites and the MB solution were pre-mixed and left in contact for 24 h (without any illumination) in order to monitor adsorption and possible reduction processes. It can be observed that the Fe/C 500 and Fe/C 650 composites without UV light and H 2 O 2 are not significantly active for discoloration. On the other hand, the composite Fe/C 800 caused a discoloration of ca. 20 % likely due to adsorption combined with reduction processes by the Fe metal phases.
After 24 h, H 2 O 2 and UV light were added to the reaction. It can be observed that the simple photolysis (reaction with Fe/ C 650 without H 2 O 2 ) did not produce any discoloration. Also the reaction using H 2 O 2 with the composite Fe/C 650 but no UV illumination led to less than 20 % of discoloration indicating that a Fenton-like reaction occurs in a small extension. A test was performed without the addition of composites (MB dye + H 2 O 2 + UV radiation), and no degradation was detected after 4 h reaction.
On the other hand, in the presence of the composites, H 2 O 2 , and UV radiation, a fast discoloration was observed, indicating the oxidation of the MB dye. The three composites were effective for the photo-Fenton reactions, with fast discoloration in the first minutes of the reaction.
The composite Fe/C 650 was tested as a catalyst in reactions at pH 6 and different H 2 O 2 concentrations (0.15, 0.23, and 0.30 mol L −1
) and also at pH 2 to investigate possible Fe 3+ lixiviation and the effect of pH on the reaction (Fig. 5) .
It can be observed that the MB discoloration is not strongly affected by the H 2 O 2 concentration in both pH 2 and pH 6. O n l y t h e r e a c t i o n p e r f o r m e d a t p H 2 a n d Silva et al. 2015) . These results suggest that the discoloration mechanism apparently does not involve a significant participation of homogeneous soluble iron species.
Although the reaction mechanism with the Fe/C composites is not clear, the iron oxide particles are playing an important role in the photo-Fenton reaction. Iron oxide particles supported on carbonaceous materials have been used before for the degradation of bisphenol A (Cleveland et al. 2014) , acid red B (Lan et al. 2015) , methylene blue (Kim and Kan 2015) , and textile wastewater (Sheydaei et al. 2014) . In these studies, the optimum pH found for the photo-Fenton reactions was ca. 3.
The results obtained in the present work suggest that homogeneous reactions promoted by leached iron species are not • which has been observed before (Costa et al. 2008; Moura et al. 2005; Teixeira et al. 2012) .
It is interesting to consider that Fe/C composites have two potential drawbacks for the photo-Fenton reaction. The first one is related to the efficient UV-vis absorption by the carbon support competing with the iron oxide particles. The second problem is that the carbon matrix can compete with the dye MB for the reaction with the HO
• radicals (Oliveira et al. 2004 ). Despite these competing processes, the Fe/C composites showed good efficiencies suggesting that the carbon matrix did not absorb all the UV radiation and an important part of the HO· radicals formed did not react with the carbon surface and diffused to the solution to oxidize the MB dye. It can also be considered that the high dispersion and small particle size of the Fe 3+ oxide can play a significant role in the reaction. Bulky well-crystallized large Fe 2 O 3 particles have a very stable surface made of Fe = O and Fe-O-Fe bonds. As the particle size decreases, the surface becomes much more defective, and exposed Fe 3+ (OH − ) surf species, active during the photo-Fenton reaction, are likely present in higher concentrations. It can also be speculated that redox oxygen groups on the carbon surface interacting with the Fe oxide can participate in a complex electron exchange with H 2 O 2 (Cunha et al. 2015; Deiana et al. 2014; Lemos et al. 2012) . These mechanistic aspects are currently under investigation.
Conclusion
An active heterogeneous photo-Fenton system can be obtained from two wastes: laterite (an Fe-rich waste from the mining industry) and the aqueous acid waste fraction (AAF) produced by the flash pyrolysis of biomass. Due to the strong acidity, the AAF can extract Fe 3+ from laterite, and upon thermal treatment at 500-800°C, Fe/C composites were obtained. These composites showed promising results for the oxidation of the model contaminant dye methylene blue in the photo-Fenton reaction. The use of two wastes to produce composite Fe/C opens new and exciting applications in different fields, such as wastewater remediation by photo-Fenton, adsorption, catalysis, and also in the steel industry. On the other hand, more detailed economic analyses are necessary to better evaluate the feasibility of these processes.
